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Identiﬁ cation of a membrane-anchored E3 
ligase in plants reveals a role for the ubiquitin 
proteasome system in chloroplast 
development.
 C
hloroplasts are the organelles of 
photosynthesis in plants and are 
responsible for much of the food and 
biomass production on our planet. But chlo-
roplasts are only the best-known members 
of an extended family of organelles termed 
plastids. Their name suggests plasticity 
and, indeed, plastids exist in various incar-
nations depending on developmental cues 
(e.g., nonphotosynthetic etioplasts in dark-
grown leaves, colored chromoplasts in pet-
als and fruit, and starch-storing amyloplasts 
in roots). Yet, the mechanisms underlying 
the transformation from one plastid type to 
another are largely unknown. On page 655 
in this issue, Ling et al. ( 1) show that the 
ubiquitin-26S proteasome system (UPS) 
directly targets plastids and promotes chlo-
roplast biogenesis, controlling yet another 
important facet of cell biology.
Plastids originate from an endosymbiotic 
process that started ~1.5 billion years ago 
when a eukaryotic host cell engulfed a pho-
tosynthetic prokaryote. Over time, the two 
organisms became almost completely inte-
grated. A permanent and ongoing ﬂ ow of 
genetic material from the prokaryotic endo-
symbiont resulted in the transfer of most 
plastid protein-encoding genes to the host 
nucleus ( 2). The Arabidopsis chloroplast 
today has ~2000 proteins ( 3,  4), only 87 of 
which are encoded in the organelle. Con-
currently with their transfer to the nucleus, 
the former endosymbiont genes acquired 
genetic information encoding amino-termi-
nal targeting sequences resulting in synthe-
sis of preproteins in the cytosol. The amino-
terminal sequences enable the recognition 
and the translocation of preproteins across 
the dual-membrane chloroplast envelope 
and are later removed.
Preprotein recognition and envelope 
translocation are facilitated by the chloro-
plast protein import machinery ( 5), which 
consists of translocon complexes at the 
outer (TOC) and inner envelope membranes 
of the chloroplast. The main components 
(identiﬁ ed by their molecular mass in kilo-
daltons) of the Toc complex (Toc159, Toc34, 
and Toc75) were ﬁ rst identiﬁ ed in isolated 
pea chloroplasts ( 6– 8) and play essential 
roles in chloroplast biogenesis in Arabidop-
sis thaliana ( 9,  10). Toc159 and Toc34 are 
outer membrane preprotein receptors shar-
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ing homology in their guanosine 5′-triphos-
phate (GTP)–binding domains, and they 
extend into the cytosol. Toc75 forms the 
protein-conducting channel, deeply buried 
in the outer membrane. The Arabidopsis 
genome revealed that a small gene family of 
Toc GTPases (Toc159, -132, -120, -90, -34, 
and -33) engage in separate, preprotein-
speciﬁ c pathways ( 11,  12). Toc159 and -33 
are present predominantly in the chloroplast 
and mediate the import of the highly abun-
dant proteins associated with photosynthe-
sis. By contrast, Toc132/-120 and Toc34 are 
present mostly in other plastid types and 
are required for the import of housekeep-
ing proteins.
Chloroplast biogenesis occurs when a 
dark-grown (etiolated) plant senses the light 
and consists of a series of developmental 
processes called photomorphogenesis ( 13). 
This results in extensive changes in gene 
expression that dramatically increase the 
components of the photosynthetic machin-
ery and enables the greening of young 
plants. Greening directly reflects chloro-
plast biogenesis and leads to remodeling of 
the import machinery and then of the entire 
chloroplast proteome that becomes domi-
nated by highly abundant photosynthesis-
associated proteins.
For the import machinery, the balance 
is shifted from Toc120/-132 and Toc34 to 
Toc159 and Toc33. Both toc33 (ppi1) ( 9) and 
toc159 (ppi2) ( 10) mutants give rise to chlo-
roplast phenotypes (pale green and albino, 
respectively), emphasizing the relevance of 
these components and their speciﬁ c role in 
preprotein import. But what brings about this 
switch of components in the import machin-
ery during chloroplast biogenesis?
In a screen for second site suppressors of 
ppi1, Ling et al. discovered SP1 (suppres-
sor of ppi1 locus 1), a “really interesting 
new gene” (RING)–type ubiquitin E3 ligase. 
Together with E2, E1, and the proteasome, 
E3 ligases regulate protein degradation and 
thereby a range of processes in animals and 
plants, and occupy 6% of the Arabidopsis 
genome ( 14). SP1 has a “really interesting” 
topology: It is anchored in the plastid outer 
envelope membrane by two transmembrane 
helices and exposes a carboxyl-terminal 
C3HC4-type RING-finger domain to the 
cytosol. The domain between the two trans-
membrane helices faces the envelope inter-
membrane space and interacts with its TOC 
targets. Thus, SP1 is ideally positioned to 
ubiquitinate targets at the chloroplast surface.
The sp1 ppi1 double-mutant plants gen-
erated by Ling et al. are larger and greener 
and contain more extensively developed 
chloroplasts than ppi1 but still less so than 
wild-type plants. By contrast, the sp1 single 
mutant showed a slower transformation of 
etioplasts to chloroplasts, and from chloro-
plasts to gerontoplasts (aging chloroplasts 
in older plants). This indicates a role in the 
transformation of one plastid type to another 
(see the ﬁ gure). In vitro and in vivo experi-
ments by the authors show that Toc complex 
components are directly ubiquitinated by the 
action of SP1. But how could loss of ubiqui-
tination activity by the sp1 mutations rescue 
the pale phenotype and the defective chloro-
plasts in the ppi1 mutant? The answer may lie 
in the reduced degradation and consequent 
increase in amounts of other Toc compo-
nents that may compensate for the absence 
of Toc33 in the ppi1 sp1 double mutant.
Why would the loss of SP1 function 
disrupt transition between different plas-
tid types? Chloroplast biogenesis, as well 
as the differentiation of other plastid types, 
is linked to the import of functionally spe-
ciﬁ c proteins that in turn require speciﬁ c 
combinations of the import receptor homo-
logs (i.e., Toc159 and Toc33 for photosyn-
thesis-associated proteins and Toc132/-120 
and Toc34 for housekeeping proteins). SP1-
dependent ubiquitination followed by prote-
asome-mediated degradation may therefore 
allow modulation of the composition of the 
Toc complex with regard to the preprotein 
demands of the developing plastid type.
Are the Toc components the only tar-
gets of SP1, or are there other substrates? 
SP1 has a close homolog, SPL1, that also 
localizes to the chloroplast outer membrane. 
Genetic evidence indicates that SPL1 is not 
redundant with SP1, but its function remains 
unknown. The ﬁ ndings of Ling et al. have 
opened an exciting new door to regula-
tory mechanisms at the chloroplast import 
machinery. No doubt, many interesting 
secrets remain to be discovered. 
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Model of chloroplast biogenesis. Nonphotosynthetic, undifferentiated plastids in the dark (etioplasts) import 
housekeeping proteins via a translocon at the outer membrane of the chloroplast (Toc) complex consisting of 
the preprotein receptors Toc132/-120 and Toc34 together with the protein-translocating channel Toc75. Light 
triggers the transformation of etioplasts into chloroplasts. Developing chloroplasts import large quantities of 
photosynthesis-associated proteins using a Toc complex consisting of the preprotein receptors Toc159 and Toc33 
together with Toc75. The remodeling of the Toc complex during chloroplast biogenesis implicates an outer mem-
brane E3 ligase, SP1, that targets components of the protein import machinery for degradation by the 26S pro-
teasome (26SP). A, acidic; at, Arabidopis thaliana; G, GTP-binding; M, membrane insertion; RNF, RING-ﬁ nger 
domain; Ub, ubiquitin.
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